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We analyze the correlations between electric dipole moments (EDMs) of the neutron and heavy atoms
and CP violation in Bs,d mixing in two Higgs doublet models respecting the Minimal Flavour Violation
hypothesis, with ﬂavour-blind CP-violating (CPV) phases. In particular, we consider the case of ﬂavour-
blind CPV phases from (i) the Yukawa interactions and (ii) the Higgs potential. We show that in both
cases the upper bounds on the above EDMs do not forbid sizable non-standard CPV effects in Bs
mixing. However, if a large CPV phase in Bs mixing will be conﬁrmed, this will imply EDMs very
close to their present experimental bounds, within the reach of the next generation of experiments,
as well as BR(Bs,d → μ+μ−) typically largely enhanced over its SM expectation. The two ﬂavour-blind
CPV mechanisms can be distinguished through the correlation between SψKS and Sψφ that is strikingly
different if only one of them is relevant. Which of these two CPV mechanisms dominates depends on the
precise values of Sψφ and SψKS , as well as on the CKM phase (as determined by tree-level processes).
Current data seems to show a mild preference for a hybrid scenario where both these mechanisms are at
work.
© 2010 Elsevier B.V. Open access under CC BY license.1. Introduction
In the last few years, the two B factories have established that
ﬂavor-changing and CPV processes of Bd mesons are well described
by the Standard Model (SM) up to an accuracy of (10–20)%. This
observation, together with the good agreement between data and
SM expectations in the kaon system, implies tight constraints on
ﬂavor-changing phenomena beyond the SM and a potential prob-
lem for a natural solution of the hierarchy problem, that calls for
new physics (NP) not far from the electroweak scale [1].
An elegant way to solve this problem is provided by the Mini-
mal Flavor Violation (MFV) hypothesis [2] (see also [3,4]), where
ﬂavor-changing transitions in the quark sector are entirely con-
trolled by the two quark Yukawa couplings. Despite apparently
being quite restrictive, the MFV hypothesis does not forbid sizable
deviations from the SM in speciﬁc channels. This is particularly
true in models with two or more Higgs doublets, because of the
possibility to change the relative normalization of the two Yukawa
couplings [2,5–9].
A particularly interesting set-up is obtained introducing ﬂavour-
blind CPV phases compatible with the MFV symmetry princi-
ple [10–14].
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Open access under CC BY license.As recently shown in [15], the general formulation of the MFV
hypothesis with ﬂavour-blind CPV phases applied to two Higgs
doublet models (2HDMs) is very effective in suppressing ﬂavour-
changing neutral-currents (FCNCs) to a level consistent with ex-
periments, leaving open the possibility of sizable non-standard ef-
fects also in CPV observables. In what follows, we will call this
framework 2HDMMFV with the “bar” indicating ﬂavour-blind CPV
phases.
As discussed in [15], the 2HDMMFV can accommodate a large
CPV phase in Bs mixing, as hinted by CDF and D0 data [16–18],
while ameliorating simultaneously the observed anomaly in the re-
lation between K and SψKS [19,20].
On general grounds, it is natural to expect that ﬂavour-blind CP
phases contribute also to CPV ﬂavour-conserving processes, such
as the EDMs. Indeed, the choice adopted in [2] to assume the
Yukawa couplings as the unique breaking terms of both the ﬂavour
symmetry and the CP symmetry, was motivated by possibly too
large effects in EDMs with generic ﬂavour-blind CPV phases. This
potential problem has indeed been conﬁrmed by the recent model-
independent analysis in [21].
In this Letter we address the role of EDMs, and their correla-
tion with CPV effects in Bs mixing, in the 2HDMMFV. Following
the recent analysis in [15], we focus on the contributions to these
observables generated by the integration of the Higgs ﬁelds only,
assuming a high suppression scale for effective operators not in-
duced by the Higgs exchange.
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blind phases in (i) the Yukawa interactions and in (ii) the Higgs
potential. Flavour-blind phases in the Yukawa interactions, together
with the assumption of small SU(2)L breaking in the heavy Higgs
sector, can lead to large corrections to Sψφ . In this case the new
CPV effects in Bd mixing are suppressed by a factor of md/ms ,
compared to Bs mixing, and go in the right direction to ameliorate
the prediction of SψKS [15]. Flavour-blind phases of the type (ii)
can also affect Sψφ , provided the SU(2)L breaking in the heavy
Higgs sector is not negligible. However, in this case the correction
in Bs and Bd mixing is universal and the magnitude of the effect in
Sψφ is bounded by the limited amount of NP allowed in SψKS [10,
20,22]. Which of the two ﬂavour-blind CPV mechanisms dominates
depends on the value of Sψφ , which is still affected by a sizable
experimental error, and also by the precise amount of NP allowed
in SψKS .
We show that in both cases the upper bounds on the neu-
tron and heavy atom EDMs do not forbid sizable non-standard
CPV effects in Bs mixing. Interestingly enough, in both cases siz-
able CPV effects in Bs mixing imply lower bounds for these EDMs
within the future experimental resolutions. Moreover, in both cases
BR(Bs → μ+μ−) and BR(Bd → μ+μ−) are typically largely en-
hanced over their SM expectations.
Our Letter is organized as follows. In Section 2 we recall brieﬂy
the most important ingredients of the 2HDMMFV, concentrating in
particular on the two new sources of CPV in question. In Sec-
tions 3, 4, we exploit the sensitivity of the EDMs and Bs,d–B¯s,d
mixing, respectively, to these new CPV phases. The numerical anal-
ysis of various correlations that have been advertised in the ab-
stract is performed in Section 5. Here we demonstrate that the
current data seems to show a mild preference for a hybrid sce-
nario where both new mechanisms of CPV are at work.
2. The 2HDMMFV
In the following, we consider a 2HDM supplemented by the
MFV hypothesis, where the Yukawa matrices are the only sources
of breaking of the SU (3)q ﬂavour group, but they are not the only
allowed sources of CP violation [10,12,13].
The most general renormalizable and gauge-invariant Yukawa
interactions in a 2HDM are
−LgenY = Q¯ L Xd1DRH1 + Q¯ L Xu1URHc1
+ Q¯ L Xd2DRHc2 + Q¯ L Xu2URH2 + h.c., (1)
where the Higgs ﬁelds H1,2 have hypercharges Y = ±1/2, Hc1(2) =
−iτ2H∗1(2) and the Xi are 3 × 3 matrices with a generic ﬂavour
structure. We also assume real vevs for the two ﬁelds,
〈H†1(2)H1(2)〉 = v21(2)/2, with v2 = v21 + v22 ≈ (246 GeV)2 and, for
later purpose, we deﬁne cβ = v1/v , sβ = v2/v , tβ = sβ/cβ .
The general structure implied by the MFV hypothesis for the
renormalizable Yukawa couplings Xdi and Xui is a polynomial ex-
pansion in terms of the two (left-handed) spurions YuY
†
u and
YdY
†
d [2,15]:
Xd1 = Yd,
Xd2 = 0Yd + 1YdY †dYd + 2YuY †uYd
+ 3YuY †uYdY †dYd + 4YdY †dYuY †uYd + · · · ,
Xu2 = Yu,
Xu1 = ′0Yu + ′1YuY †uYu + ′2YdY †Yu + · · · , (2)dwhere the (′)i are complex parameters. We work under the as-
sumption (′)i  1, as expected by an approximate U (1)PQ symme-
try that forbids non-vanishing Xu1 and Xd2 at the tree level. We
also assume negligible violations of the U (1)PQ symmetry in the
lepton Yukawa couplings.
After diagonalising quark mass terms and rotating the Higgs
ﬁelds such that only one doublet has a non-vanishing vev, the
interaction of down-type quarks with the neutral Higgs ﬁelds as-
sumes the form
Ldn.c. = −
√
2
v
d¯LMddRφ
0
v −
1
sβ
d¯L Z
dλddRφ
0
H + h.c., (3)
where φv (φH ) is the Higgs doublet with non-vanishing (vanishing)
vev 〈φ0v〉 = v/
√
2 (〈φ0H 〉 = 0) and φ0H = (H + i A)/
√
2 with H (A)
being the CP-even (CP-odd) heavy Higgses, if the Higgs potential is
CP-invariant. The ﬂavour structure of the Zd couplings, which play
a key role in our analysis, is
Zdi j = a¯δi j +
[
a0V
†λ2uV + a1V †λ2uV	 + a2	V †λ2uV
]
i j, (4)
where V is the physical CKM matrix, 	 ≡ diag(0,0,1) and λu,d
are the diagonal up Yukawa couplings in the limit (′)i → 0 (see [2,
15] for notations). As explicitly given in [2,15], the ai are ﬂavour-
blind coeﬃcients depending on the i , on tβ , and on the overall
normalization of the Yukawa couplings. Even if (′)i  1, the ai can
reach values of O(1) at large tβ and can be complex if we allow
ﬂavour-blind phases in the model.
Similarly, the charged-current interactions of the fermions with
the charged Higgs are parameterized by the following ﬂavour
changing effective Lagrangian [2]
LH+ = 1cβ
[
U¯ LC
H+
R λdDR +
1
t2β
U¯ RλuC
H+
L DL
]
H+ + h.c., (5)
where the ﬂavour structure of the CH
+
R,L is
CH
+
R = (b0V + b1V	 + b2	V + b3	), (6)
CH
+
L =
(
b′0V + b′1V	 + b′2	V + b′3	
)
. (7)
In analogy to the ai , also the bi and b′i coeﬃcients are ﬂavour-
blind, naturally of O(1), and possibly complex.
Another source of CP violation in the 2HDMMFV, that is rele-
vant for our analysis, arises from the Higgs potential [23–25] (see
also [26]). We recall that the most general 2HDM potential that is
renormalizable and gauge invariant is [27]
V = μ21|H1|2 + μ22|H2|2 + (bH1H2 + h.c.)
+ λ1
2
|H1|4 + λ2
2
|H2|4 + λ3|H1|2|H2|2 + λ4|H1H2|2
+
[
λ5
2
(H1H2)
2 + λ6|H1|2H1H2 + λ7|H2|2H1H2 + h.c.
]
,
where H1H2 = HT1 (iσ2)H2. All the parameters must be real with
the exception of b and λ5,6,7. Exploiting the freedom to change
the relative phase between H1 and H2, we can cancel the phase of
b and λ6,7 relative to λ5. Moreover, the coeﬃcients λ6,7 can be set
to zero imposing a discrete Z2 symmetry that is only softly broken
by the terms proportional to b and λ5.
In order to simplify the discussion, without loosing generality
as far as the CP properties are concerned, we set λ3 = λ4 = λ6 =
λ7 = 0 and choose the basis where only λ5 is complex. The result-
ing spectrum contains a charged Higgs, with the mass
M2H± =
b
c s
− Re(λ5)
2
v2, (8)β β
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Current/expected experimental sensitivities for the most relevant EDMs.
Observable Exp. Current Exp. Future
|dTl| [e cm] <9.0× 10−25 [28] ≈10−29 [31]
|dHg| [e cm] <3.1× 10−29 [29] ?
|dn| [e cm] <2.9× 10−26 [30] ≈10−28 [31]
and three neutral Higgses with masses
M21  λ2v2, M22(3) 
b
cβ
− v
2
2
(
Re(λ5) ∓ |λ5|
)
, (9)
where in Eqs. (9) we have assumed tβ  1. Notice the approximate
degeneracy of the charged Higgs and the two neutrals of mass M2
and M3 in the limit λ5 → 0.
In the absence of CP violation, the physical Higgs eigenstates
are given by the two CP-even ﬁelds h, H and by the CP-odd ﬁeld A.
In the presence of CP violation, h, H , A are mixed and the mass
eigenstates are not anymore CP eigenstates. Still, it is convenient
to write the Higgs potential in terms of the ﬁelds h, H , A. It turns
out that
V = M
2
h
2
h2 + M
2
H
2
H2 + M
2
A
2
A2 + M2H±H+H−
+ 〈Ah〉Ah + 〈AH〉AH + · · · , (10)
where 〈Ah〉 and 〈AH〉 read
〈Ah〉 = − v
2
2
cβ Imλ5, (11)
〈AH〉 = − v
2
2
sβ Imλ5. (12)
Notice that in the large tβ regime the mixing 〈Ah〉 is negligible, in
contrast to 〈AH〉. Moreover, if 〈AH〉  M2A,H , as it happens in the
so-called decoupling regime, we can still treat the ﬁelds h, H , A as
approximate mass-eigenstates and the mixing 〈AH〉 can be param-
eterized as an effective mass insertion in the scalar propagator.
3. Electric dipole moments
Among the various atomic and hadronic EDMs, the Thallium,
neutron and Mercury EDMs represent the most sensitive probes of
CP violating effects (see Table 1). The effective CP-odd Lagrangian
describing the quark (C)EDMs, that is relevant for our analysis,
reads
−Leff =
∑
f
i
d f
2
f¯ (Fσ)γ5 f +
∑
f
i
dcf
2
gs f¯ (Gσ)γ5 f
+
∑
f , f ′
C f f ′( f¯ f )
(
f¯ ′iγ5 f ′
)
, (13)
where Fμν (Gaμν ) is the electromagnetic (chromomagnetic) ﬁeld
strength, d(c)f stands for the quark (C)EDMs while C f f ′ is the coef-
ﬁcient of the CP-odd four fermion interactions.
The thallium EDM (dTl) can be estimated as [31–33]
dTl  −585 · de − e (43 GeV) CS , (14)
where de is the electron EDM while CS stems from the CP-odd
four fermion interactions and reads [33]
CS  Cde 29 MeVmd + Cse
k × 220 MeV
ms
+ Cbe 66 MeV(1− 0.25k) , (15)mbFig. 1. Charged-Higgs mediated diagrams contributing to the down-quark (C)EDMs.
with κ  0.5± 0.25 [34].
The neutron EDM dn can be estimated from the naive quark
model as dn ≈ 43dd − 13du , where d(c)f are evaluated at 1 GeV by
means of QCD renormalization [38], starting from the correspond-
ing values at the electroweak scale. The alternative estimate we
use in our numerical analysis is the one obtained from QCD sum
rules [33,35–37], which leads to
dn = (1± 0.5)
[
1.4(dd − 0.25du) + 1.1e
(
dcd + 0.5dcu
)]
(16)
and
dHg  7× 10−3e
(
dcu − dcd
)+ 10−2de
+ e(3.5× 10−3 GeV)CS − e(1.4× 10−5 GeV2)
×
[
0.5
Cdd
md
+ 3.3k Csd
ms
+ (1− 0.25k)Cbd
mb
]
(17)
for the Mercury EDM [33,37]. In these numerical formulae the d(c)f
are evaluated at 1 GeV. In the following, we provide the expres-
sions for d(c)f and C f f ′ at the electroweak scale in the context of a
2HDM, starting from the general formulae of Ref. [39,40] obtained
in the context of Supersymmetry.
The CP violating effects arising from CP-odd CP-even scalar mix-
ing and their impact on the EDMs were studied previously in the
context of 2HDMs with spontaneous breaking of CP in Refs. [23–
25].
For C f f ′ one has
C f f ′ = m fm f
′
v2
Imω f f ′
M2A
t2β, (18)
where we have deﬁned
Imω f f ′  Im
(
Zdf f Z
d
f ′ f ′
)+ 〈AH〉
M2A
Re
(
Zdf f Z
d
f ′ f ′
)
. (19)
Notice that in Eq. (19) we have assumed that M2H  M2A  〈AH〉.
The explicit expressions for the ω f f ′ relevant for our analysis are
Imωed = Imωes = Imσ + 〈AH〉
M2A
Reσ , (20)
Imωeb = Im ξ + 〈AH〉
M2A
Re ξ, (21)
Imωdd = Imωds = 〈AH〉
M2A
Re
(
σ 2
)
, (22)
Imωdb = Im
(
σ ξ
)+ 〈AH〉
M2A
Re(σ ξ), (23)
where we have deﬁned
ξ = a + (a0 + a1 + a2)λ2t , (24)
σ = a + |Vtq|2λ2t a0 (q = d, s). (25)
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the Higgs-fermion vertex (a) and on the Higgs propagator (b).
Concerning the quark (C)EDMs, they are induced already at the
one-loop level by means of the exchange of the charged-Higgs bo-
son and top quark [40], as it is shown in Fig. 1.
In our scenario, their explicit expressions read
{
dd
e
,dcd
}
= α2
4π
md
m2W
m2t
M2H±
|Vtd|2F7,8(xtH )
× Im[(b∗0 + b∗2)(b′0 + b′2)], (26)
where xtH = m2t /M2H± and the expressions for the loop functions
F7,8 are given in [40].
Notice that the above effects are CKM suppressed by the fac-
tor |Vtd|2 ≈ 10−4. In particular, even in the most favourable case
where mt = MH± and Im[(b∗0 + b∗2)(b′0 + b′2)] = O(1), it turns out
that |dd/e| ≈ |dcd| = O(10−27), leading to predictions for dn and dHg
well under control (though observable with improved experimen-
tal resolutions). Therefore, since the bi ’s do not enter the predic-
tions for Bs,d mixings, we neglect the above one-loop effects to dn
and dHg in our numerical analysis.
As a result, two loop contributions might compete or even
dominate over one loop-effects provided they overcome the strong
CKM suppression.
Indeed, this is the case for the two-loop Barr–Zee contribu-
tions [24] to the fermionic (C)EDMs (see Fig. 3) that read
d f
e
= −
∑
q=t,b
Ncq f α2emq
2
qm f
8π2s2W M
2
W
m2q
M2A
t0,2β
× [ f (τq) Imωqf + g(τq) Imω f q], (27)
dcf = −
∑
q=t,b
αsαemm f
16π2s2W M
2
W
m2q
M2A
t0,2β
× [ f (τq) Imωqf + g(τq) Imω f q], (28)
where q is the electric charge of the fermion , τq =m2q/M2A and
f (τ ), g(τ ) are the two-loop Barr–Zee functions deﬁned in [24,39].
In analogy to the down-type ω f f ′ in Eqs. (20)–(23), we have de-
ﬁned
Imωet = 〈AH〉
M2A
, (29)
Imωdt = Imσ  + 〈AH〉
M2A
Reσ . (30)
To have an idea of where we stand, let us evaluate separately
the contributions to the physical EDMs arising from the fermionic
(C)EDMs and from the four-fermion operator.
Assuming the example where mA = 500 GeV and tβ = 10, the
electron EDM contribution to dTl reads
−dTl(de)
e cm
≈ 2× 10−26 Im ξ + 2× 10−24 〈AH〉
M2A
, (31)
while dc generates the following dHgdFig. 3. Example of Barr–Zee diagrams contributing to the fermion (C)EDM in a 2HDM
from neutral Higgses Hi . CP violation is assumed in the Higgs-fermion vertex and
on the Higgs propagator as in Fig. 2.
dHg(dcd)
e cm
≈ 4× 10−29 Im(σ ξ)+ 10−27 〈AH〉
M2A
Reσ . (32)
The down quark (C)EDMs generate the following dn
−dn(d
(c)
d )
e cm
≈ 10−27 Im(σ ξ)+ 2× 10−26 〈AH〉
M2A
Reσ . (33)
Finally, let us consider dTl as induced by the four-fermion effects
via CS
dTl(CS)
e cm
≈ 10−25(1+ 7.6k)
[
Imσ − 〈AH〉
M2A
Reσ
]
+ 2.3× 10−25
[
Im ξ − 〈AH〉
M2A
Re ξ
]
, (34)
and similarly dHg(CS ) ≈ −10−4 × dTl(CS ).
4. F = 2 amplitudes
The low-energy operators that are relevant for 	B = 2 transi-
tions are [41]
Q VLL1 = (b¯LγμqL)
(
b¯Lγ
μqL
)
, (35)
Q SLL1 = (b¯RqL)(b¯RqL), (36)
Q SLL2 = (b¯RσμνqL)
(
b¯Rσ
μνqL
)
, (37)
Q LR1 = (b¯LγμqL)
(
b¯Rγ
μqR
)
, (38)
Q LR2 = (b¯RqL)(b¯LqR), (39)
where q = s,d and σμν = 12 [γμ,γν ]. In addition, the operators
Q SRR1,2 , analogous to Q
SLL
1,2 with the exchange qL → qR , are also
present.
Once the Wilson coeﬃcients of these operators Ci(μH ) are cal-
culated at a high energy scale, where heavy degrees of freedom
are integrated out, their values at scales O(μB) are obtained by
the standard techniques [41]. The resulting low energy effective
Hamiltonian then reads
Heff =
∑
i,a
Cai (μB , B)Q
a
i , (40)
where i = 1,2, and a = LR, SLL. The off-diagonal element in B me-
son mixing are given by
Mq12 =
1
3
MBq F
2
Bq
∑
i,a
Ca∗i (μH , Bq)P
a
i (Bq), (41)
where Pai (Bq) collect all RG effects from scales below μH as well
as hadronic matrix elements obtained by lattice methods. Updat-
ing the results of Ref. [41], it turns out that PLR2 (Bq) ≈ 3.4 and
PSLL(Bq) ≈ −1.4 for μH = 246 GeV.1
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EDM constraints while the black ones do not. In both plots we have assumed
(|a|, |a0|, |a1|, |a2|) < 2, λ5 = 0, and 0 < (φa, φa0 , φa1 , φa2 ) < 2π .
Introducing the notation
Mq12 =
(
Mq12
)
SMCBqe
2iϕBq (q = d, s), (42)
the Bs,d mass differences and the CP asymmetries SψKS and Sψφ
are
	Mq = 2
∣∣Mq12∣∣= (	Mq)SMCBq , (43)
SψKS = sin(2β + 2ϕBd ), (44)
Sψφ = sin
(
2|βs| − 2ϕBs
)
, (45)Fig. 5. Correlation between Sψφ and SψKS with CPV sources in the Yukawa cou-
plings and Higgs potential switched on separately (upper plot) or simultaneously
(lower plot). In all plots we have assumed (|a|, |a0|, |a1|, |a2|) < 2. In the upper plot,
the “CPV LYukawa” points are obtained for λ5 = 0 and 0 < (φa, φa0 , φa1 , φa2 ) < 2π ,
while the “CPV LHiggs” points are obtained for (φa, φa0 , φa1 , φa2 ) = 0, |λ5| = 0.1
and 0 < φλ5 < 2π . In the lower plot 0 < (φa, φa0 , φa1 , φa2 ) < 2π , |λ5| = 0.1 and
0 < φλ5 < 2π . Red dots fulﬁll the EDM constraints while the black ones do not.
where sin(2β)tree = 0.734 ± 0.038 [42] and sin(2βs) = 0.038 ±
0.003 [42].
Moreover, we recall that the semileptonic asymmetry AsSL,
in the presence of NP and neglecting βs , is correlated model-
independently with Sψφ as [44]
AsSL = −
∣∣∣∣Re
(
Γ s12
Ms
)SM∣∣∣∣ 1C Sψφ (46)12 Bs
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s
SL(SM) and Sψφ where A
s
SL(SM) = (2.6 ±
0.5) × 10−5 [43]. In the plot we have assumed (|a|, |a0|, |a1|, |a2|) < 2, 0 <
(φa, φa0 , φa1 , φa2 ) < 2π , |λ5| = 0.1 and 0 < φλ5 < 2π . Red dots fulﬁll the EDM con-
straints while the black ones do not. Green dots further satisfy the constraint from
SψKS at the 95% CL. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this Letter.)
(for an alternative model-independent formula, see [45]) where
|Re(Γ s12/Ms12)SM| = (2.6± 1.0) × 10−3 [43].
Assuming the ai in Eq. (3) as complex parameters and integrat-
ing out the neutral Higgs ﬁelds we have for the Wilson coeﬃcients
of the dominant operators
CSLL1  −
[VtbV ∗tq]2
4
(a0 + a1)2 y2t y2bF−,
CLR2  −
[VtbV ∗tq]2
2
(a0 + a1)
(
a∗0 + a∗2
)
y2t yb yqF+, (47)
where, in the decoupling regime (v2/m2A  1), and for large tanβ
values,
F+  2
M2A
, F−  −λ5 v
2
M4A
, (48)
in agreement with [26]. As can be seen, the A–H mixing, related
to the SU(2)L breaking in the heavy Higgs sector, removes the
zero in F− providing at the same time a possible source of CP
violation independent from the ai . The mass splitting between A
and H is constrained by the requirement of perturbative unitar-
ity [46–48], vacuum stability [49] and by precision electroweak
observables (the oblique-corrections). However, a (10–15)% split-
ting for MA around 500 GeV fulﬁlls all these constraints.
A close inspection of Eq. (47) reveals that:
1. the contribution of CLR2 to Bq mixing is proportional to mbmq ,
hence, only Bs mixing can be affected in a sizable way by Q LR2
(as in the scenario considered in [15]);
2. the effect of CSLL1 to Bs and Bd mixings is the same, implying
a common NP phase ϕBd = ϕBs ; as a result, the limited room
for NP allowed in SψKS forbids large effects in Sψφ and A
s
SL
coming from this operator [10,20,22];3. CLR2 contributes to CP violation only if a1 = a2, which re-
quires effective operators with high powers of Yukawa in-
sertions; these operators are naturally suppressed in explicit
(perturbative) models, such as supersymmetric models [50,51].
However, this suppression can be removed in a general non-
supersymmetric 2HDM with MFV.
4. CSLL1 is complex already at the leading order in the Yukawa in-
sertions; however, it vanishes in the exact SU(2) limit. While
in a generic 2HDM rather sizable SU(2) breaking effects (say at
the 10% level) are generally allowed, in supersymmetric mod-
els such effects are loop-induced and therefore too small to
provide any observable effect [50,51]. This has also been reem-
phasized recently in [22].
In order to understand which are the regions of the parameter
space where Sψφ obtains sizable (non-standard) values, let us ﬁrst
focus on the effects from CLR2 , setting mA = 500 GeV and tβ = 10.
In this case it turns out that [15]
Sψφ ≈ 0.15× Im
[
(a0 + a1)
(
a0 + a2
)]+ (Sψφ)SM. (49)
Similarly, the SM prediction for BR(Bq → μ+μ−) is modiﬁed ac-
cording to [2,15]
Br(Bq → μ+μ−)
Br(Bq → μ+μ−)SM  |1+ R|
2 + |R|2, (50)
where
R ≈ (a∗0 + a∗1)
(
tβ
10
)2(500 GeV
MH
)2
, (51)
with Br(Bd → μ+μ−)SM = (1.0 ± 0.1) × 10−10 and Br(Bs →
μ+μ−)SM = (3.2 ± 0.2) × 10−9. Therefore, Sψφ can be large, even
for moderate values of tβ and relatively heavy Higgs masses, pro-
vided order one NP phases and sizable PQ-symmetry breaking
sources, i.e. if Im[(a0 + a1)(a0 + a2)] ≈ 1 are present. These con-
ditions generally imply large NP effects for BR(Bq → μ+μ−), as
already observed in [15] and as clearly shown by Eqs. (50), (51).
As we will show later, also for the EDMs of physical systems like
the Thallium (Tl), Mercury (Hg) and the neutron EDMs large NP
effects are expected. In particular, in the 2HDMMFV, large non-
standard values for Sψφ imply lower bounds for the above EDMs
in the reach of the expected future experimental resolutions.
As far as NP effects induced by CSLL1 are concerned, we notice
that it is easy to generate a large common phase ϕBd = ϕBs pro-
vided the mass splitting between A and H is around the 10% level
(or above). In this case the limits on NP effects in SψKS set the
bound Sψφ  0.2 [10,20,22]. As shown in Eq. (47), CSLL1 dominates
over CLR2 if we allow only ﬂavour-blind phases in the Higgs poten-
tial (Imλ5 = 0) and we allow a suﬃcient SU(2)L breaking in the
heavy Higgs sector.
Finally, let us mention that there are also charged Higgs contri-
butions to Mq12 that are sensitive to new ﬂavour blind CP sources.
These effects have recently been analyzed in [52], in the context
of the 2HDM proposed in [53]. They arise from the one loop ex-
change of H+ − H+ and H+ − W+ and lead to
(
CSLL1
)
H+ =
G2F
4π2
m2b
[(
CH
+
L C
H+∗
R
)2
D0(xtH , xtH ,1)
− 2CH+L C H
+∗
R D0(xtH , xtH , xW H )
]
, (52)
where D0 is the standard four-point functions normalized to
D0(1,1,1) = −1/6. In the framework we are considering, with
large/moderate tβ and small/moderate U (1)PQ breaking, (CSLL1 )H+
is always very suppressed and does not provide visible effects in
408 A.J. Buras et al. / Physics Letters B 694 (2011) 402–409physical observables. However, this is not the case in the frame-
work analyzed in Ref. [52], where the charged-Higgs contribution
to Bs,d–Bs,d mixing can be sizable in speciﬁc regions of the pa-
rameter space (corresponding to large violations of the U (1)PQ
symmetry).
5. Numerical analysis
Having introduced the two sets of observables, namely EDMs
and 	F = 2 CPV asymmetries, we are ready to analyse their cor-
relations in the 2HDMMFV. As outlined in the introduction, we
analyse separately the cases of ﬂavour-blind phases from (i) the
Yukawa interactions and (ii) the Higgs potential.
Starting with case (i), in the upper plot of Fig. 4 we report
the expectations for the EDMs of the Thallium dTl (red dots), neu-
tron dn (black dots), and Mercury dHg (green dots) as a function
of the phase in the Bs mixing, described by the asymmetry Sψφ .
The plots have been obtained by means of the following scan:
(|a|, |a0|, |a1|, |a2|) < 2, 0 < (φa, φa0 , φa1 , φa2 ) < 2π , tanβ < 60,
λ5 = 0, MH± < 1.5 TeV and setting the hadronic parameter κ [34]
entering the CP-odd four fermion coeﬃcients of Eqs. (15), (17) to
its central value κ = 0.5. Moreover, we have imposed the further
condition |a2| < (|a|, |a0|, |a1|), since a2 is generated only beyond
the leading order in the MFV expansion in terms of the spurions
YuY
†
u and YdY
†
d , in contrast to a,a0,a1.
As can be seen, the current constraints from the EDMs still al-
low values of |Sψφ | larger than 0.5, compatible with the highest
values of the Bs mixing phase reported by the Tevatron exper-
iments. Yet, sizable non standard values for Sψφ unambiguously
imply lower bounds for the above EDMs within the reach of the
expected future experimental resolutions. Similarly, large values for
Sψφ typically imply a BR(Bs → μ+μ−) departing from the SM pre-
diction, as already observed in [15] and as clearly shown in the
lower plot in Fig. 4.
Moreover, it turns out that BR(Bd → μ+μ−)/BR(Bs →
μ+μ−) ≈ |Vtd/Vts|2, as expected by the model-independent anal-
ysis within the MFV framework of Ref. [9].
From these plots we conclude that improvements of the ex-
perimental lower bounds for the Thallium, neutron and Mercury
EDMs, as well as for BR(Bs,d → μ+μ−), together with a more ac-
curate measurement of Sψφ , would provide a powerful tool in the
attempt to test or to falsify this NP model.
In Fig. 5, we show the predictions for SψKS vs. Sψφ where the
allowed ranges for NP effects in SψKS have been obtained com-
bining the SM prediction sin(2β)tree = 0.734 ± 0.038 [42] with
the experimental result SexpψKS = 0.672 ± 0.023 [54]. In the up-
per plot, we switch on the CPV phases of the Yukawa couplings
and the Higgs potential separately, to monitor their individual ef-
fect. In the former case, we employ the same scan as in Fig. 4,
while in the latter case we make the scan (|a|, |a0|, |a1|, |a2|) < 2,
(φa, φa0 , φa1 , φa2 ) = 0, |λ5| = 0.1 and 0 < φλ5 < 2π . Viceversa, in
the lower plot of Fig. 5, we consider an hybrid scenario, where CPV
phases of both type (i) and type (ii) are switched on simultane-
ously. In both plots, red dots fulﬁll the EDM constraints while the
black ones do not.
The correlation of the EDMs vs. Sψφ in the case (ii), where the
ﬂavour blind CPV phases originates only from the Higgs potential,
does not show appreciable differences with respect to Fig. 4. How-
ever, since in this cases the effects on Bs,d mixing are universal,
here the larger values of Sψφ are not allowed by the constraints
from Bd mixing. This is clearly illustrated in the upper plot of
Fig. 5.
Finally, Fig. 6 shows the correlation between AsSL/A
s
SL(SM) vs.
Sψφ for the hybrid scenario, performing the same scan of Fig. 5.Red dots fulﬁll the EDM constraints while the black ones do not.
Green dots further satisfy the constraint from SψKS at the 95% CL.
As can be seen, in this scenario sizable/large effects for Bd/Bs mix-
ings can be naturally accounted for, even though not necessarily in
a correlated manner. According to the recent model-independent
ﬁt of the two mixing phases performed in [55], this hybrid sce-
nario is particularly welcome by present data. Indeed the best ﬁt
of current data is obtained for a ϕBd/ϕBs ratio which is in between
the ϕBd ≈ (md/ms)ϕBs of the scenario (i) and the ϕBd ≈ ϕBs of the
scenario (ii).
Finally, as demonstrated in Fig. 3 of [15] for large values of
Sψφ a unique positive shift in εK is implied within the model
considered, bringing the theory closer to the data. This agree-
ment is further improved through the recently calculated NNLO
QCD corrections to εK [56]. In the hybrid scenario, a value for
εK within 1 σ of current data can be obtained even for values
of Sψφ ≈ 0.25.
6. Discussion and conclusions
The remarkable agreement of ﬂavour data with the SM pre-
dictions in the K and Bd systems highly constrains the ﬂavour
structure of any TeV-scale UV completion of the SM. In this
respect the MFV hypothesis [2], where ﬂavour-changing phe-
nomena are entirely controlled by the CKM matrix, represents
one of the most natural and elegant explanations for such an
impressive agreement. However, the MFV principle does not
forbid in itself the presence of new ﬂavour blind CP violat-
ing phases in addition to the unique phase of the CKM ma-
trix [10,12,13].
From a phenomenological point of view, it is natural to ex-
pect that such ﬂavour-blind phases, if present, will contribute not
only to ﬂavour-changing CPV processes, such as CP-violation in
Bs,d mixing, but also to ﬂavour-conserving CPV processes such
as the EDMs. Indeed the close connection within a MFV frame-
work between CP violation in ﬂavour physics and EDMs has al-
ready been analyzed in the context of supersymmetric extensions
of the SM [50,51], and by means of a general effective theory ap-
proach [21].
In this Letter we have analyzed these connections within the
2HDM respecting the MFV hypothesis recently discussed in [15].
We have shown that the two classes of ﬂavour-blind phases
present in this model, those in the Yukawa couplings and those
in the Higgs potential, provide potentially large CP violating effects
in Bs,d mixing while being compatible with the EDM bounds of
the neutron and heavy atoms. In both cases sizable CPV effects in
Bs mixing imply lower bounds for the above EDMs within the fu-
ture experimental resolutions. Moreover, in both cases BR(Bs,d →
μ+μ−) are typically largely enhanced over their SM expecta-
tions.
What distinguishes the different ﬂavour-blind CPV mechanisms
is the correlation between SψKS and, correspondingly, the maximal
effect expected in Sψφ . Very large values of Sψφ are possible only
via the mechanism pointed out in [15], which requires ﬂavour-
blind phases in the Yukawa interactions and small SU(2)L breaking
in the heavy Higgs sector (or the dominance of the effective oper-
ator Q LR2 ). On the contrary, ﬂavour-blind phases only in the Higgs
potential leads to universal effects in Bs and Bd mixing, which are
strongly constrained by the measurement of SψKS . Which of the
two ﬂavour-blind CPV mechanisms dominates depends on the pre-
cise values of Sψφ and SψKS , as well as on the CKM phase (as
determined by tree-level processes). Current data seems to show
a mild preference for an hybrid scenario where both these mecha-
nisms are at work.
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